ABSTRACT We studied the distribution patterns of Wolbachia infection associated with plum curculio strains in eight states of the eastern United States. The presence of the Wolbachia-speciÞc gene wsp identiÞed infections of this endosymbiont in 97.8% of the 93 samples tested. Three distinct Wolbachia strains were identiÞed. The strains wCne1 (593 bp) and wCne2 (593 bp) were 97% identical, and their sequences were both 84% identical with wCne3 (590 bp). BLASTN searches through GenBank showed strong similarities between the wsp sequences of the three strains compared with Wolbachia sequenced from other hosts. Degree of similarity with sequences in other Wolbachia strains is discussed. Polymerase chain reaction-restriction fragment length polymorphism was used for superinfection detection. Of 93 samples, 15 (16.1%), 21 (22.6%), 19 (20.4%), and 36 (38.7%) samples were infected by wCne1, wCne2, wCne1 ϩ 2, and wCne3, respectively. Only two (2.2%) samples had no infection. The wCne3 strain was always present as a single infection. Wolbachia strains approximate the distribution of plum curculio strains: northern strain infected with wCne1 and wCne2 strains in supergroup B, and southern strain infected with wCne3 strain in supergroup A, with the mid-Atlantic region as the convergence area. Based on haplotype distribution of plum curculio mitochondrial cytochrome oxidase I, there was a closer relation of the mid-southern plum curculio clade to the far-southern clade than to the northern clade. However, Wolbachia symbionts in mid-southern plum curculio are more closely related to those in northern plum curculio than to those in far-southern plum curculio. The relationship of Wolbachia infection with reproductive incompatibility between plum curculio populations was also discussed.
Plum curculio, Conotrachelus nenuphar (Herbst) (Coleoptera: Curculionidae), is a key pest of pome and stone fruit in eastern North America. The insect can cause almost all of the fruit to be injured if no control actions are taken. There are two strains of plum curculio. Chapman (1938) gave an approximate distribution description of the two strains. In this map, the mid-Atlantic region is the convergence area of the two strains and Virginia contains both strains. The map is consistent with the mitochondrial study for plum curculio geographical populations. .
Wolbachia is a very common cytoplasmic symbiont of insects (Hilgenboecker et al. 2008 ) and also infects other arthropods and nematodes (Rowley et al. 2004 , Baldo et al. 2007 , and has been intensively studied since the 1990s (Werren et al. 1995a , Jeyaprakash and Hoy 2000 , Kikuchi and Fukatsu 2003 , Tagami and Miura 2004 . Wolbachia can cause several reproductive alterations in host species. Cytoplasmic incompatibility (CI) is the most frequently found Wolbachia-induced phenotype and has been described in several arachnids, isopods, and insect orders . Werren (1997) offered a possible mechanism for CI: sperm from Wolbachia-infected males is incompatible with eggs from females that do not harbor the same Wolbachia type (or types). CI comprises two distinct components: Wolbachia-induced modiÞcation of sperm during spermatogenesis and rescue of this modiÞcation in embryos infected with the same strain. If the sperm is modiÞed, but the appropriate Wolbachia are not present in the developing embryo, embryonic development is disrupted. Wolbachia can cause cytoplasmic incompatibility in their mosquito host (Yen and Barr 1971) . Both unidirectional and bi-directional CI had been examined in different insects (Laven 1959 (Laven , 1967 OÕNeill et al. 1997; Dobson et al. 2001; Riegler and Stauffer 2002; Keller et al. 2004; and Merç ot and Charlat 2004) . Wolbachia has been proposed as an agent of speciation (Shoemaker et al. 1999 , Bordenstein et al. 2001 .
Reproductive incompatibility between plum curculio strains has been reported since the 1960s (Stevenson and Smith 1961, Padula and Smith 1971) . To date, there is no direct evidence linking Wolbachia with CI in plum curculio. McClanan et al. (2004) analyzed three strains Wolbachia associated with Massachusetts (MA), Georgia (GA), and Florida (FL) plum curculio populations, respectively. Their results suggested that univoltine and multivoltine weevils carry different strains of Wolbachia. The reproductive incompatibility between the two plum curculio strains could be caused by the different Wolbachia strain infection.
Expanding on the previous work of McClanan et al., we studied Wolbachia single or multiple infection status in 11 geographical populations of plum curculio. This study was conducted to classify Wolbachia infecting strain(s) infecting various populations of each of the two plum curculio strains in the eastern United States. The distribution of Wolbachia strains associated with plum curculio was analyzed by using the Wolbachia surface protein (wsp) gene.
Materials and Methods

Insect
Plum curculios were collected from 11 geographical locations that included the northern and southern parts of their distribution range in the eastern United States. Collection sites, host plants, and sample sizes are listed in Table 1 .
Plum curculio adults were placed in 300 l of TE (Tris-HCl, EDTA) buffer individually and frozen at Ϫ80ЊC until processed.
DNA Extraction
The DNA extraction protocol was modiÞed from a protocol developed for Drosophila melanogaster Meigen by Ashburner (1989) . After a standard phenolchloroform exaction, RNA was removed by adding 1.5 l of RNase Cocktail (Ambion, Austin, TX) to each sample and incubated for 1 h at 37ЊC (or overnight at 4ЊC). The samples were column-puriÞed (Microcon Centrifugal Filter Devices; Millipore, Bedford, MA) to remove RNA fragments. Aliquots of 10 l of each sample were electrophoresed on a 0.8% agarose gel containing ethidium bromide to visually assess the quality of the DNA. Samples were also tested using a GeneQuant DNA Calculator (Pharmacia Biotech, Piscataway, NJ) spectrophotometer to estimate the concentration of DNA calculated from absorbance at 260 m.
Wolbachia-Specific Genes Polymerase Chain Reaction Amplification
wsp Gene. Polymerase chain reaction (PCR) was carried out in a total volume of 20 l containing 300 nM wsp primers, 81 F (5Ј-TGG TCC AAT AAG TGA TGA AGA AAC-3Ј) and 691R (5Ј-AAA AAT TAA ACG CTA CTC CA-3Ј) (Zhou et al. 1998) , 5Ð10 ng of weevil DNA, 1.5 mM MgCl 2 , 200 M dNTP mix (PE w1, wCne1; w2, wCne2, w1 ϩ 2, wCne1 ϩ 2; w3, wCne3.
Applied Biosystems), 2 l 10ϫ PCR buffer, 0.5 U AmpliTaq Gold (PE Applied Biosystems, Foster City, CA), and 13.5 l distilled water. AmpliÞcation was completed with the following cycling proÞle on an Eppendorf Mastercycler (Eppendorf North America, Hauppauge, NY): 94ЊC for 10 min, and then 35 cycles of 94ЊC for 1 min, 55ЊC for 1 min, 72ЊC for 1 min in each cycle, and Þnal extension 72ЊC for 7 min and held at 4ЊC. A total of 10 l PCR product was run on a 0.8% agarose gel containing ethidium bromide to estimate the size of the ampliÞed DNA fragment. Images of stained gels were photographed and stored electronically using a gel photodocumentation system. The DNA quality of sample was checked by amplifying mitochondrial cytochrome oxidase (mtCOI) gene using two conserved primers: C1-J-2195 (MTD-10) and L2-N-3014 (MTD-12) (Berry et al. 2004) . fts Z Gene. To conÞrm wsp gene ampliÞcation, ftsZ gene PCR was also carried out in a total volume of 20 l containing 300 nM ftsZ primers, ftsZF (5Ј-GTA TGC CGA TTG CAG AGC TTG-3Ј) and ftsZR (5Ј-GCC ATG AGT ATT CAC TTG GCT-3Ј) (Kikuchi and Fukatsu 2003) , 1Ð2 l of weevil DNA, 1.5 mM MgCl 2 , 200 M dNTP mix (PE Applied Biosystems), 2 l 10ϫ PCR buffer, 0.5 U AmpliTaq Gold (PE Applied Biosystems), and 13.5 l distilled water. AmpliÞcation was completed with the following cycling proÞle on a Eppendorf Mastercycler (Eppendorf North America): 94ЊC for 10 min, and then 35 cycles of 94ЊC for 1 min, 52ЊC for 1 min, 72ЊC for 1 min in each cycle, and Þnal extension 72ЊC for 4 min and held at 4ЊC.
Cloning and DNA Sequencing
Fragments ampliÞed with wsp and ftsZ gene primers were prepared for cloning as follows using a TA-cloning kit (TOPO-TA; Invitrogen, Carlsbad, CA): 1Ð2 l of the PCR reaction was directly ligated into pCR2.1-TOPO plasmid vector (Invitrogen) according to the manufacturerÕs instructions. The vector was transformed into bacterial cells (Top 10 component cell; Invitrogen). Plasmids containing the PCR product were extracted from bacterial transformants by using Promega plasmid mini-prep kit (Wizard Plus SV Minipreps DNA PuriÞcation System; Promega, Madison, WI). The puriÞed plasmids were sent to Davis Sequencing (Davis, CA) or Virginia Bioinformatics Institute (VBI; Blacksburg, VA). DNA sequencing was carried out using an ABI 3730 automated sequencer at both locations. T7 or M13 reverse or both sequencing primers were used to sequence those plasmids. Wolbachia wsp gene sequences were obtained from 6 to 14 weevils per population (Table 1) . Sequencing multiple clones for a single PCR product has a higher possibility to Þnd the Wolbachia superinfcetion. Therefore, three to six clones were sequenced for Þve individuals (NY2, NY3, GAp1, Bo1, and FL2) to conÞrm the superinfection.
DNA Sequences Analysis
All sequence data were entered and analyzed using Chromas 1.45 (Conor McCarthy, School of Health Science, GrifÞth University, Southport, Queensland, Australia). The wsp sequences were aligned using CLUSTAL W (Thompson et al. 1994) in Biology Workbench (http://workbench.sdsc. edu). Sequences were compared with published wsp sequences by running a BLAST (Altschul et al. 1997 ) search in website of National Center of Biotechnology Information (NCBI, http://www. ncbi.nlm.nih.gov/BLAST/).
PCR-Restriction Fragment Length Polymorphism Typing
After PCR products were sequenced, speciÞc restriction enzymes were used to digest the three identiÞed Wolbachia strains. Three restriction endonucleases, BccI, BstF5I, and AciI (New England Biolabs, Beverley, MA) were used to digest those PCR products; 10 l of PCR products were incubated with 1 l of either one of the three enzymes in a 25-l reaction volume at 37ЊC for 3 h (65ЊC for 3 h for BstF5I). If an uncut band was shown in the Þrst digestion, those uncut PCR products were digested by other enzymes to detect superinfection. Another enzyme, HindIII (Promega), was used to conÞrm the results, using the following reaction: 10 l of PCR products were incubated with 1 l of HindIII enzyme in a 25-l reaction volume at 37ЊC for 3 h.
Phylogenetic Analysis
Three unique wsp sequences obtained from this study were compared with 28 seqeunces retrieved from GenBank. Most of the 28 wsp sequences were selected from previous studies that clearly assigned them into the two supergroups, and several sequences were selected from BLASTN searches, which Þnd available wsp gene sequences from GenBank. All wsp sequences were aligned using the CLUSTAL W (Thompson et al. 1994) in Biology Workbench. The data set was analyzed by using the Neighbor Joining algorithm from the phylogenetic analysis using parsimony (PAUP) version 4.0 b10 software package (Swofford 2002) . Bootstrap analysis was done with 1,000 replications. The phylogenetic trees were midpoint rooted because no suitable outgroup was available.
Results
Detection of Wolbachia Infection in Plum Curculio. In total, 94 individuals representing 11 different geographic populations were screened for Wolbachia infection by PCR assay, using Wolbachia-speciÞc wsp gene and ftsZ gene primers. One sample from Clemson, SC (SC4), had no PCR product using weevil mitochodrial COI gene ampliÞcation, which was to test DNA quality of each sample. This sample was eliminated because its DNA quality was insufÞcient to use PCR assay. Of 93 samples, 91 tested samples were determined be infected by Wolbachia using wsp primers and conÞrmed by ftsZ gene ampliÞcation. Two samples, NJM3 and NJb11, did not yield PCR products in either wsp or ftsZ ampliÞcations. The two samples were treated as noninfected.
Three unique sequences were identiÞed from 91 sequences using the wsp gene. According to the nomenclatural convention of Zhou et al. (1998) , they were referred to wCne1 (593bp), wCne2 (593bp), and wCne3 (590bp), respectively. GenBank access numbers of the three sequences are GU013550 ÐGU013552. Pairwise comparison of their DNA sequences, wCne1 and wCne2, were 97% identical, and they were both 84% identical to wCne3.
To conÞrm the Wolbachia infection in plum curculio, ftsZ gene amplicons from three individuals (NYM1, MAF2, and WVF1) were sequenced, and these were infected solely by wCne1, wCne2, and wCne3, respectively, by using the wsp gene sequence. Three ftsZ gene sequences were referred as ftsZ1 (GU013553), ftsZ2 (GU013554), and ftsZ3 (GU013555) in those samples. The ftsZ1 and ftsZ2 sequences were 758 bp, and the ftsZ3 sequence was 769 bp in length. Pairwise comparison of their DNA sequences showed ftsZ1 and ftsZ2 to be 97% identical, and they were both 87% identical to ftsZ3. According to BLASTN searches, the sequence of ftsZ1 was 99% identical to the Wolbachia ftsZ gene sequenced from the gall wasp, Diplolepis rosae L. (WPU83893; Schilthuizen and Stouthamer 1998) ; the sequence of ftsZ2 was 99% identical to the Wolbachia sequenced from the predatory thrips, Franklinothrips vespiformis Crawford (wVes, AB045315; N. Arakaki et al., unpublished data); and the sequence of ftsZ3 was 98% identical to Callosobruchus chinensis L. (AB080665, Kondo et al. 2002b) . Therefore, the ftsZ gene analysis also conÞrmed the Wolbachia infection in plum curculio.
Superinfection Examination. PCR-restriction fragment length polymorphism (RFLP) was used to detect superinfection by different Wolbachia strains in a single plum curculio individual. The complete results are shown in Table 1 . Two PCR-RFLP enzyme sets were used to test the superinfection and they conÞrmed each other. In the Þrst method, the wCne1 strain was digested by BccI to produce two fragments (550 ϩ 40 bp; Fig. 1) ; the wCne2 strain was digested by BstF5I to produce two fragments (410 ϩ 180 bp; Fig. 1) ; and the wCne3 strain was digested by AciI to produce two fragments (440 ϩ 150; Fig. 2 ). In the second method, all PCR products were digested by HindIII. The wCne1 had no break caused by HindIII (Fig. 3) . The wCne2 produced two fragments (450 ϩ 140 bp; Fig. 3) , and the wCne3 produced two fragments (350 ϩ 240 bp; Fig. 3 ) when digested by HindIII. The HindIII digestion results were consistent with the former three enzyme digestion results. Another method was used: multiple clones from a single PCR product were sequenced to conÞrm the superinfection. NY2 was doubly infected by wCne1 and wCne2, Fig. 1 . PCR-RFLP. PCR products were digested by BccI or BstF5I. Lane 1, 100-bp DNA ladder (Promega); lane 2, undigested PCR product (593 bp); lanes 3 and 4: NY2; lanes 5 and 6, NY3; lanes 7 and 8, NY14; lanes 9 and 10, NY15; lanes 11 and 12, NY36. The wCne1 produced two fragments (550 ϩ 40 bp) after digestion by BccI. The wCne2 produced two fragments (410 ϩ 180 bp) after digestion by BstF5I. The digestion results indicated that NY2, NY14, and NY36 were doubly infected by wCne1 ϩ 2, NY3 was singly infected by wCne2, and NY15 was singly infected by wCne1. Fig. 2 . PCR-RFLP. PCR products were digested by AciI. Lane 1, 100-bp DNA ladder (Promega); lane 2, undigested PCR product (590 bp); lanes 3Ð11, samples Ke1, Ke22, GAp1, GAp2, GAu1, GAu3, Bo1, Bo2, and FL2, respectively. The wCne3 produced two fragments (440 ϩ 150 bp) after digestion by AciI. The digestion result indicated that all these nine samples were singly infected by wCne3. Fig. 3 . PCR-RFLP results. PCR products were digested by HindIII. Lane 1, 100-bp DNA ladder (Promega); lanes 2Ð12, samples NYM1, NYM2, NYF1, NYF2, MAM1, MAM2, MAF1, MAF2, WVM1, WVM2, and WVM3, respectively. The wCne1 has no cut digested by HindIII. The wCne2 produced two fragments (450 ϩ 140 bp), and the wCne3 produced two fragments (350 ϩ 240 bp) after digestion by HindIII. The digestion results indicated that NYM1 and MAF1 were singly infected by wCne1; MAM1 and MAF2 were singly infected by wCne2; NYM2, NYF1, NYF2, and MAF2 were doubly infected by wCne1 ϩ 2; and WVM1, WVM2, and WVM3 were singly infected by wCne3. NY3 was singly infected by wCne2, and GAp1, Bo1, and FL2 were singly infected by wCne3. The results were consistent with PCR-RFLP analysis.
The results of PCR-RFLP indicated that the Wolbachia strains wCne1 and wCne2 were either singly or doubly infected in a single individual, but wCne3 was always present as a single infection in an individual. Of 91 positive samples, 15 (16.1%) were singly infected by wCne1 strain, 21 (22.6%) were singly infected by wCne2 strain, 19 (20.4%) were doubly infected by wCne1 and wCne2, and 36 (38.7%) were singly infected by wCne3 (Table 1) .
Phylogenetic Analysis. A phylogenetic tree of Wolbachia, based on the wsp sequences, was constructed by Neighbor Joining algorithm using the Kimura distance and midpoint rooted. Wolbachia strains were named by host insect species, and the GenBank access numbers were listed as well (Fig. 4) . According to phylogenetic analysis, Wolbachia strains wCne1 and wCne2 belong to supergroup B, but wCne3 strain is in supergroup A.
Discussion
Population Infection Frequency and Strain Identification. In the Wolbachia analysis, almost all plum curculio individuals, 97.8% (91 of 93), were infected by Wolbachia. There was only one negative sample in each of two New Jersey populations. The result is consistent with previous studies, e.g., 99.7% infection rate in the European cherry fruit ßy, R. cerasi (Riegler and Stauffer 2002) and 99.2% infection rate in the tortoise beetle, C. alternans (Keller et al. 2004 ). Arthofer et al. (2009a) reported a method to dectect low-titer Wolbachia infection in bark beetle. The two negative samples could be screened by this new nested PCR method to conÞrm their Wolbachia infection status.
There are three distinct Wolbachia strains identiÞed by using wsp gene sequences. The sequences described by McClanan et al. (2004) were very close to this study. The Wolbachia strain carried by MA weevils is wCne1, and the strain associated with FL curculios is wCne3 in this study. There are some differences between our works in GA strain identiÞcation: it is also wCne3 in this study, but there is slightly diffence in sequence in the study of McClanan et al. The divergence could be caused by a sequencing error. There were several unclear signals of nucleotide in the previous sequencing results of McClanan et al. Therefore, the consensus sequence based on those sequences may have produced the divergence. A new unique Wolbachia strain, wCne2, was found in MA weevils in this study. There is an Ϸ3% nucleotide distance in sequence between wCne1 and wCne2. Therefore, they could be placed into two different subgroups (reference groups) according to Zhou et al. (1998) .
BLASTN searches through GenBank (Altschul et al. 1997) showed similarities between the wsp sequences of the three strains with Wolbachia sequenced from other hosts. The wsp sequence of wCne1 was 99% identical to Wolbachia sequenced from the tortoise beetle, C. alternans (wCalt2, AY566421; Keller et al. 2004 ). The wCne2 sequence was 98.5% identical to the pirate bug, Orius nagaii Yasunaga (wNag1, AB094368; K. Miura and Y. Tagami, unpublished data). The wCne3 sequence was 100% identical to Wolbachia sequenced from the tephritid fruit ßy, Dacus destillatoria (wDes, AF295344; Jamnongluk et al. 2002) and also from the ant, Formica exsecta Nylander (wFex1, AY101196; Reuter and Keller 2003) .
The ftsZ gene was used to classify the Wolbachia strains into two clades: supergroups A and B (Werren et al. 1995b) . A maximum sequence variation of 15% was reported between groups A and B but was still relatively low within group A (3%) (Werren et al. 1995b) . The wsp gene is more commonly used as a phylogenetic analysis marker for Wolbachia strains since Zhou et al. (1998) and Van Meer et al. (1998) found that wsp gene sequence variation is much higher than the ftsZ gene. In this study, there was 13% variation between ftsZ3 sequence and ftsZ1 or ftsZ2 sequence. The results are consistent with the previous studies. Our goal in using the ftsZ gene was to conÞrm Wolbachia infection. Therefore, we only sequenced three individuals, which were each singly infected by a Wolbachia strain by using wsp gene. The ftsZ gene sequencing results agrees with the wsp gene results. Therefore, the ftsZ gene PCR results reliably conÞrmed Wolbachia infection. A similar method was used in a Wolbachia diversity study of heteropteran bugs (Kikuchi and Fukatsu 2003) .
Phylogenetic Analysis. According to phylogenetic analysis, Wolbachia strains wCne1 and wCne2 were in supergroup B and wCne3 was in supergroup A. This agrees with McClanan et al. 2004 . In that study, MA weevils carried supergroup B Wolbachia strain and FL and GA curculios were infected by A supergroup Wolbachia strains. Compared with previous studies, those wsp sequences used in their phylogenetic trees have been placed into the similar position in our phylogenetic tree, including 11 sequences from Zhou et al. (1998) , 4 sequences from Van Meer et al. (1998) , 2 sequences from Jamnongluk et al. (2002) , and 3 sequences from Ruang-Areerate et al. (2003) .
Because the wsp gene has extensive recombination and strong diversifying selection, this makes it unsuitable for reliable strain characterization if it is used alone (Baldo et al. 2006) . They developed a multilocus sequence typing (MLST) scheme as a universal genotyping tool for Wolbachia. Five ubiquitous genes (gatB, coxA, hcpA, fbpA, and ftsZ) were chosen. Therefore, in future studies, we will use the MLST system to retyping Wolbachia strains associate with plum curculio and to verify wsp typing results in this weevil species.
Superinfection and Strain Distribution. Superinfection refers to infection by more than one Wolbachia strain in a single individual. According to previous studies, infections with two or three Wolbachia strains are common in some insect hosts (Merç ot et al. 1995 , Vavre et al. 1999 , Dobson et al. 2001 , Kondo et al. 2002a , Riegler and Stauffer 2002 , Kikuchi and Fukatsu 2003 , Keller et al. 2004 . Moreover, several studies reported very high levels of multiple infections. Jamnongluk et al. (2002) detected Þve strains in the fruit ßy, Bactrocera ascita Hardy, and four strains infecting Acromyrmex octospinosus (Reich) (Van Borm et al. 2003) , and Reuter and Keller (2003) found four or Þve strains in F. exsecta. In this study, PCR-RFLP showed a double infection in some plum curculio individuals. The Wolbachia strains wCne1 and wCne2 doubly infected 19 of 93 individuals (20.7%). wCne1 and wCne2 were also presented in single infections in 15 (16.1%) and 21 (22.6%) individuals, respectively. The wCne3 strain was unique and was always present as single infections. The wCne3 infection accounts for the highest numbers of infections (36, 38.7%).
There was a distinct geographic pattern to the distribution of the Wolbachia infection types (Fig. 5) . Populations in the northern and middle parts of eastern United States (New York, Massachusetts, New Jersey, West Virginia, and Virginia) were mainly either wCne1 or wCne2 as single infections or wCne1 and wCne2 as double infections. Populations in the southern part of the eastern United States (Georgia and Florida and part of Virginia) always contained single infections by wCne3.
In summary, these results suggest that Wolbachia strains approximate the distribution of plum curculio strains: northern strain plum curculios are infected with wCne1 and wCne2 strains in Wolbachia supergroup B, southern strain plum curculios are infected with wCne3 strain in Wolbachia supergroup A, and the mid-Atlantic region is the convergence area. In supergroup BÐinfected populations, only one population (NJb) was singly infected by wCne2 or was not infected. Other populations were always infected by the wCne1 and wCne2 together. A possible explanation is that there is an ongoing sweep of a double infection of wCne1 and wCne2 that is replacing some populations of the preexisting single infection populations in the northern area. Some populations or some individuals were left with mixed or single infections. So far, the superinfection ratio is fairly low (20.7%). The Þtness consequences of double infections relative to single infections in this weevil are still unknown.
mtCOI Gene Polymorphism and Wolbachia Infection. In a related study , we investigated the genetic structure of plum curculio geographic populations by using the partial mtCOI gene. The 50 samples from 10 geographic populations were placed into two major distinct clades: a northern clade (NY and MA populations) From Fig. 5 , the two NJ populations, Rappahannock, Blacksburg populations, and four WV individuals belong to mid-southern subclade, and they were mostly infected by strains wCne1 or wCne2 or wCne1 ϩ wCne2. There were two samples from NJ with no infection. Although geographically in the midAtlantic area, Kentland (Ke) and Botetourt (Bo) populations and four WV individuals were infected by wCne3 and therefore similar to GA and FL populations of far-southern subclade. Therefore, these results suggest that the northern clade of plum curculio is infected by Wolbachia strains wCne1 and wCne2, far-southern subclade is infected with the wCne3 strain, and the mid-Atlantic region is the convergence area. Mitochondrial DNA analysis indicated a closer relation of the mid-southern plum curculio subclade to the far-southern subclade than to the northern clade. However, Wolbachia symbionts in the midsouthern plum curculio are more closely related to those in the northern plum curculio than to those in far-southern plum curculio.
In this case, WV, Blacksburg, and Kentland populations have interesting diversity in mtCOI and Wolbachia analysis. First, four of eight WV individuals were mid-southern haplotype, and they carried supergroup B Wolbachia strains, but another four WV individuals carried supergroup A strain and belonged to far-southern subclade in mtCOI haplotype. Both groups were separately collected from a single location (Kearneysville, WV). They could come from two separate colonies. The mid-southern haplotype col- ony might be from a cross-mating between northern and southern strains, keeping southern mtCOI haplotypes and carrying northern Wolbachia strains. A similar phenomenon could have occurred between Blacksburg and Kentland populations. The two locations are close to each other (Ϸ10 km). The results suggest that the mid-southern subclade could be a transitional type between northern and southern PC strains.
It is hard to explain why there are four samples infected by wCne1 or wCne1 ϩ 2 in Florida populations. They distinctly belong to far-southern mtCOI haplotype. A possible explanation is several northern strain PCs may have been moved by human activity, the wCne1 and wCne2 Wolbachia strains having been introduced into the Florida population. Or, wCne3 is a recnt arrial in this FL population and is crurrently expanding its range through CI. More extensive research needs to be completed to explain this apparent discrepancy.
Reproductive Incompatibility and Wolbachia Infection. In our recent study , a complicated incompatibility pattern was shown in the cross-mating experiments among several different plum curculio geographic populations. A roughly directional incompatibility was suggested by the results of experiment of amomg four different northern and southern populations (Table 2) . In this experiment, females infected by Wolbachia strains wCne1, 2, or 1 ϩ 2 were incompatible with males infected by Wolbachia strain wCne3 in most cases. However, males infected by Wolbachia strains wCne1, 2, or 1 ϩ 2 were compatible with females infected by Wolbachia strain wCne3 (Table 2) . From this experiment, Wolbachia strain wCne2 may contribute more incompatibility with wCne3 because the Virginia (Blacksburg) population was infected by almost all wCne2 strain and VA females were incompatible with both WV and FL males.
In experiment within three northern populations, NY, MA, and NJ populations carried similar Wolbachia strains (wCne1 ϩ 2, wCne1, and wCne2) . Therefore, they were compatible when they mated with each other.
In an experiment of FL crossed with NJ, an opposite directional incompatibility with experiment 1 was shown . Males infected by Wolbachia strains wCne1, 2, or 1 ϩ 2 were incompatible with females infected by Wolbachia strain wCne3 (Table 3) . In an experiment of FL crossed with WV (Table 4) , a bi-directional incompatibility was shown, but they carried the similar Wolbachia strains (wCne3 in most individuals).
According to our results, different Wolbachia strain infections could cause reproductive incompatibility between different geographic plum curculio populations. However, the clear incompatibility pattern between those Wolbachia strains needs more intensive studies. A possible method is to set up a Wolbachiafree colony. Cross-mating between the artiÞcal Wolbachia strain infection from Wolbachia-free populations with the same genetic background (Weeks et al. 2002) would help us to better understand the function of Wolbachia infections in reproductive incompatibility among plum curculio populations. Another possibility is that may have some unknown low-titer Wolbachia strains exist in different plum curculio geographical populations. Arthofer et al. (2009b) reported that Þve Wolbachia strains were found in the European cherry fruit ßy, Rhagoletis cerasi, in different populations. However, from a previous study, only two Wolbachia strains were detected in this tephritid species, and wCer2 was described as the CI-inducing agent dividing European populations into two unidirectional incompatible groups. In their study, wCer2 and wCer5 showed a signiÞcant diffecrences in spatial Experiment 1, evaluating reproductive compatibility among a rough north and south transect along the range of plum curculio. This was a 4 by 4 factorial (maternal origin and paternal origin) design. The four levels within each factor were extreme north (NY), lower north (WV), upper south (VA), and extreme south (FL).
Ñ, compatible combinations; X, incompatible combinations. distribution. Therefore, low titers and geographical variability in Wolbachia diversity are expected to inßuence the outcome of Wolbachia population dynamics (Arthofer et al. 2009a ).
